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INTRODUCTION

In recent decades the desert southwest region,
including the Mojave Desert, has seen some of the
highest population growth in the USA, resulting in
large-scale landscape modification and loss of habi-
tat (Leu et al. 2008). Habitat loss and modification
due to urban development, utility infrastructure,
transportation corridors, military training and recre-
ational activities are occurring at an accelerating
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ABSTRACT: Mohave ground squirrels Xerosper-
mophilus mohavensis Merriam are small ground-
dwelling rodents that have a highly restricted
range in the northwest Mojave Desert, California,
USA. Their small natural range is further reduced
by habitat loss from agriculture, urban develop-
ment, military training and recreational activities.
Development of wind and solar resources for re -
newable energy has the potential to further re -
duce existing habitat. We used maximum entropy
habitat models with observation data to describe
current potential habitat in the context of future
renewable energy development in the region.
While 16% of historic habitat has been impacted
by, or lost to, urbanization at present, an additional
10% may be affected by renewable energy devel-
opment in the near future. Our models show that
X. moha vensis habitat suitability is higher in areas
slated for renewable energy development than in
surrounding areas. We provide habitat maps that
can be used to develop sampling designs, evaluate
conservation corridors and inform development
planning in the region.
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Xerospermophilus mohavensis, wind turbines, and predicted
habitat suitability (in the Mojave Desert, California, USA)
ranging from low (blue) to high (red).
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pace throughout the region (Lovich & Bainbridge
1999, Webb et al. 2009). Now the southwestern
deserts are recognized as having great potential for
renewable energy development given the availabil-
ity of public land and abundant wind, solar and geot-
hermal resources (NREL 2012). In recent years, pub-
lic policy initiatives at both federal and state levels
(e.g. the American Recovery and Reinvestment Act
of 2009, CA Executive Order S-14-08 and CA Senate
Bill X1-2, among others) have mandated or encour-
aged the development of renewable energy.

One of the major benefits of increasing renewable
energy generation includes reducing greenhouse gas
emissions (thus mitigating global climate change), in-
creasing national energy security and supporting eco-
nomic growth. The potential for renewable energy in
the desert means that public lands in this region are
now in great demand for development. However, the
prospect of large-scale energy development and its
associated infrastructure has raised serious concerns
regarding impacts on desert biological resources, in-
cluding many sensitive or protected species such as
the desert tortoise Gopherus agassizii (Fish and Wild -
life Service 1990), the desert bighorn sheep Ovis
canadensis nelsoni (Fish and Wildlife Service 1998)
and Stephens’ kangaroo rat Dipo do mys stephensi
(Fish and Wildlife Service 1988), among others.

The Mohave ground squirrel (MGS; Xerosper-
mophilus mohavensis Merriam) could also be affected
by the development of renewable energy resources.
The species is endemic to the western Mojave Desert
in California, USA, and occupies portions of Kern, Los
Angeles, Inyo and San Bernardino counties (Best
1995). The geographic range is thought to be approxi-
mately 20 000 km2 (Hall 1981, Zeiner et al. 1988−
1990), one of the smallest distributions among North
American ground squirrels (Hoyt 1972, P. Leitner pers.
obs.). MGS occupy a harsh desert environment, and
adult individuals are primarily active during a brief
period from February to the end of July (Best 1995).

The restricted distribution of MGS, along with the
extensive impacts of human development in the
western Mojave Desert, has contributed to concern
about conservation of this species (Leitner 2008). In
particular, direct losses such as road and construction
mortalities (Gustafson 1993) and the cumulative
impacts (sensu Theobald et al. 1997) of landscape-
level disturbances (e.g. off-highway vehicles use,
agriculture, military operations) could further reduce
population numbers of MGS and connectivity of suit-
able habitat patches. In response to these concerns,
MGS was listed as threatened under the California
Endangered Species Act in 1984 (California Depart-

ment of Fish and Game 2011). While habitat loss has
been identified as the greatest peril for MGS
(Fish and Wildlife Service 2011; see also Defenders
of Wildlife & G. Stewart at www. defenders. org/
newsroom/ press_ releases_ folder/ 2005/ 09_ 13_ 2005 _
protection_ sought_ for_ mohave_ desert_ ground_ squirrel
.php), a comprehensive, range-wide assessment of
habitat has not yet been published. Previous efforts
to describe habitat have been qualitative, resulting in
descriptions of habitat characteristics and multiple
modifications to range maps (Zembal & Gall 1980,
Hall 1981, Zeiner et al. 1988−1990). While these
range maps provide useful information on the known
extent of a species, they do not delineate areas of
habitat and non-habitat within their extant range,
which can be problematic when used for assessing
areas of high biodiversity for conservation purposes
(Pineda & Lobo 2012).

Conservation planning for many species has been
facilitated by the use of species distribution models
(SDMs) for tasks such as the design of conservation
and monitoring programs, evaluating the efficacy or
potential effects of management actions, and recov-
ery planning (Graham et al. 2004, Elith & Leathwick
2009a, Fish and Wildlife Service 2011). These SDMs,
or habitat suitability models, are quantitative, spa-
tially explicit models that relate species occurrence
to environmental predictors thought to influence or
define the suitability of habitat for the species
(Franklin 2010, Peterson et al. 2011). These models
can be ecologically complex or very simple, and can
be modeled at many scales. Habitat models are fre-
quently built with presence-only data (as absence
data for most species are often unavailable), and pro-
vide a relative index of habitat suitability that can be
predicted on a landscape scale.

Because SDMs have not yet been published for the
MGS, conservation and planning decisions have been
made entirely on previously published range maps.
In 2011, a petition for federal listing of the species
(www. defenders. org/ newsroom/ press_ releases_ folder/
2005/ 09_ 13_ 2005 _ protection_ sought_ for_ mohave _
desert_ ground_ squirrel .php) was deemed not war-
ranted by the US Fish and Wildlife Service on the
basis of 5 factors (Fish and Wildlife Service 2011).
One of these factors included ‘the present or threat-
ened destruction, modification, or curtailment of its
habitat or range’, and in their  ruling, the Fish and
Wildlife Service provided estimates of minimal habi-
tat loss due to land-use activities including urbaniza-
tion, agriculture and re new able energy. These esti-
mates were based on range maps that were the best
available information for planning purposes in lieu of

2



Inman et al.: Renewable energy and habitat for Mohave ground squirrels

SDMs. However, a larger percentage of habitat has
likely been lost in recent history than has been previ-
ously reported.

Conflicts between interests for large-scale renew-
able energy development in the western Mojave
Desert and conservation of MGS habitat have delayed
the establishment of energy facilities, and heightened
the potential for costly litigation. Analyses on the ex-
tent to which habitat may or may not be affected by
proposed utility-scale renewable energy development
(USRED) are critically needed to reduce conflict be-
tween these competing interests, by guiding conser-
vation planning and the effective siting of renewable
energy projects and their supporting infrastructure.
We provide the first comprehensive and integrated
analysis of MGS habitat conservation in relation to
previous development and planned USRED using
SDMs. Our goal is to inform decision-makers repre-
senting public interests such as the Desert Renewable
Energy Conservation Plan (DRECP; www.drecp.org)
charged with balancing the need for landscape plan-
ning and conservation needs, while ensuring the
availability of renewable energy resources.

MATERIALS AND METHODS

Study area

Our study area covers 53 621 km2 of the Mojave
Desert in California, including portions of Inyo, San
Bernardino, Kern and Los Angeles counties, and
encompasses the entire known historical range of the
MGS (Zeiner et al. 1988−1990). The region is charac-
terized by desert mountain ranges and plateaus sep-
arated by lower elevation areas with geomorphic fea-
tures such as washes, outwash plains, dry lakebeds
and basins. Although our study area includes ex -
tremes in elevation, 99% of the entire study area is
below 2500 m. Regional precipitation ranges from
100 to 350 mm per year, with more rainfall occurring
in the winter than in the summer (Hereford et al.
2004, Blainey et al. 2007) and at higher elevations.
Temperatures range from below 0°C in the winter
months to over 54°C in the summer, with consider-
able daily and geographic variation (Turner 1994).

Species occurrence data

We compiled locality records for the MGS from the
California Natural Diversity Data Base (CNDDB), the
Mojave Desert Ecosystem Program, as well as recent

trapping and survey work (P. Leitner & D. Delaney
unpubl. data). Due to the low density of sampling and
biased geographic distribution of observations, we
included records dating back to 1975 to increase
sample size. Records with known spatial uncertainty
greater than 1 km (33 records) were excluded to
keep the spatial precision of MGS observations simi-
lar to that of the environmental data layers, and the
desired resolution of the habitat model (i.e. 1 km2).
We limited observations to 1 per 1 km2 grid cell, and
incorporated a bias file to reduce the influence of
biased geographic sampling (Phillips & Dudik 2008),
which used a 4 km search radius from each observa-
tion record. After aggregating to our 1 km2 grid size,
there were a total of 440 observations for modeling.

Environmental data

The relationship between habitat suitability and co -
variate layers in a robust habitat model should ideal -
ly be explained by known ecological relationships
between the organism of interest and its environ-
ment (Guisan & Zimmermann 2000, Elith & Leath-
wick 2009b). We derived 8 environmental covariates
across our study area capturing known relationships
between MGS and their environment (Table 1).
These layers broadly represented climate (e.g. air
temperature, precipitation and climatic water deficit),
land surface characteristics (e.g. topographic position
and surface roughness) and the physical properties
of the land surface (e.g. surface texture and albedo).
The habitats that MGS occupy are generally flat,
sandy or gravelly alluvial substrates with widely
spaced shrubs (Burt 1936, Best 1995, Leitner 2008).
Occupied vegetation types can include saltbush
scrub, alkali desert scrub, creosote bush scrub and
yucca woodlands (Gustafson 1993, Best 1995). MGS
are not, however, generally found on playas, rocky
outcrops or other rocky surfaces such as desert pave-
ment or boulder fields (Zembal & Gall 1980, Gustaf -
son 1993). Because this work is also being used in
parallel analyses of the potential effects of climate
change on MGS habitat suitability, we only included
environmental covariates that could be projected to
future dates under different climate change/global
emissions scenarios. Therefore, we did not include
any measures of vegetation community or condition.
While habitat suitability models derived without lay-
ers of key vegetation components of habitat may not
represent the complete fundamental niche of a spe-
cies, they can have acceptable predictive perform-
ance; for example, some of our initial models sug-
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gested only a 0.017 difference in the area under the
receiver operator curve statistic (AUC) (Fielding &
Bell 1997) between the best-performing models that
included vegetation layers and those without.

Climate covariates were obtained for our study
area at a spatial scale of 270 m (Flint & Flint 2012),
and included the 30 yr mean for the winter months
(October−March) of climatic water deficit, and the
30 yr mean of cumulative winter precipitation. Cli-
matic water deficit was defined as potential evapo-
transpiration minus actual evapotranspiration, where
actual evapotranspiration is the amount of water that
evaporates from the surface and is transpired by
plants if the total amount of water is not limited. It is
a measure of the evaporative demand on an area that

was not met by available soil water, and is related to
the amount of drought stress experienced by plants
(Lenihan & Neilson 1993, Stephenson 1998). While
often used to model the distribution of plant commu-
nities (see Prentice et al. 1992, Huntley et al. 1995),
climatic water deficit is not often used in predictive
models of vertebrates, likely due to the lack of widely
available soil data required for its calculation. We use
it here as a surrogate representing a potential limit-
ing factor for vegetation. Potential evapotranspira-
tion was defined as the total amount of water that can
evaporate from the ground surface or be transpired
by plants, and was calculated using a modification of
the Priestley-Taylor equation (Priestley & Taylor
1972) as described in Flint et al. (2004).

4

Variable                                 Abbreviation          Mean        SD          Description

Precipitation                                PRCP                 195.3      161.0        Cumulative winter (Oct−Mar) precipitation (mm), 
(cumulative winter)                                                                             average of 30 yr (1980−2010).

Surface texture                              ST                  1103.5     205.0        Average difference in daytime and nighttime radio-
metric surface temperatures (°C) (Moderate Resolution
Imaging  Spectroradiometer MOD11A1 Land Surface
Temperature 8-d Global 1 km data product) for the six
8-d periods from 12 Jul to 29 Aug for each year from
2000 to 2010. Higher values are indicative of sandy,
smaller sized particles; smaller values represent more
rocky surfaces.

Surface albedo                              ALB                  265.7       63.7         Average of summer (Jun−Aug) diffuse bihemispherical
albedo, derived from the MODIS MCD43B3 16-d L3
Global 1 km Albedo data product for 2010.

Climatic water deficit                 CWD                  36.6        17.9         Average winter climatic water deficit (mm), average of 
(winter mean)                                                                                       30 yr (1980−2010) for the months of Oct−Mar. High

values represent greater evaporative demand on an
area not met by available soil water.

Topographic position                   TPX                    8.7          2.1          Relative position of a given cell with respect to the
potential for surface drainage. Calculated from the
USGS National Elevation Dataset (NED) (Moore et al.
1991). Higher values are indicative of dry lakebeds,
valley bottoms and surface flow pinch points such as
apexes of alluvial fans; lower values represent
ridgelines and mountaintops.

Probability of 3 yr                         PD3                   0.05        0.10         Proportion of the past 30 yr (1980−2010) with 3
drought                                                                                                 consecutive years with <80 mm of cumulative winter

precipitation.

Maximum summer air                Tmax                 30.78       5.28         Maximum of the monthly summer average (Apr−Oct) 
temperature                                                                                         temperatures from past 30 yr.

Surface roughness                         SR                    1.03        0.05         Surface roughness index is calculated from the USGS
Digital Elevation Model (DEM) (Hobson 1972). Higher
values indicate a greater amount of surface terrain
relief in a given area.

Table 1. Abbreviations, study area means, standard deviations and descriptions of environmental variables used in the present 
study
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Winter rainfall is important for the spring produc-
tion of annuals (Beatley 1976, Turner & Randall 1989),
and because MGS are generally only active from
February to the end of July (Bartholomew & Hudson
1961, Hoyt 1972, Gustafson 1993, Harris & Leitner
2004), they require extensive foraging to sustain
metabolic function throughout the year (Bar tho -
lomew & Hudson 1961). Areas with high spring pro-
duction of annuals are therefore typically considered
as habitat for this species. The probability of drought
was estimated as the proportion of the past 30 yr
(1980−2010) during which 3 consecutive years had
less than 80 mm of cumulative winter precipitation
for a given 1 km2 grid cell. We chose 80 mm to define
drought conditions based on observations of MGS
behavior and habitat condition (P. Leitner. pers.
comm.). A measure of air temperature was included
as the 30 yr mean for summer maximum temperature.

Layers related to land surface characteristics
included surface roughness (Hobson 1972) and topo-
graphic position (described by others as ‘terrain wet-
ness’, Moore et al. 1991). Topographic position was
used to represent the relative position of a given area
with respect to the potential for surface drainage,
and was calculated from the area of terrain that can
drain into a given 1 km2 grid cell. Higher values are
indicative of closed basins, valley bottoms and sur-
face flow pinch points such as apexes of alluvial fans,
while lower values represent ridgelines and moun-
taintops. We did not include elevation as an environ-
mental covariate, due to its high correlation with
 several of the climate variables and potential to com-
plicate future climate scenario models.

Layers representing the physical properties of the
surface substrate included an index of the particle
size of the surface substrate (surface texture), which
was derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) MOD11A1 Land Sur-
face Temperature 8-d Global 1 km data products
acquired from the Terra (EOS AM) satellite. This
index was the average difference in daytime and
nighttime radiometric surface temperatures for the
six 8-d periods from 12 July to 29 August for each
year from 2000 to 2010. The difference between the
day and night surface radiometric temperatures is a
function of the daily thermal inertia of the surface
substrate, which is a physical property of the sub-
strate material and texture (Pratt & Ellyett 1979,
Kahle 1987, Wang et al. 2004). Areas with dense
rocky substrates have less daily fluctuation in surface
radiometric temperatures than do areas with loose or
sandy substrates (Kahle 1987). We used summer,
rather than winter, temperatures due to the greater

differences observed between day and night temper-
atures during this period (S. Nowiki unpubl. data).
Higher values are indicative of sandy, smaller sized
particles, while smaller values represent more rocky
surfaces. Prior to calculating surface texture, surface
temperature data were de-trended for elevation
using a non-linear weighted regression.

We also included the albedo of the surface sub-
strate (surface albedo) from the MODIS MCD43B3
16-Day L3 Global 1 km Albedo data product for the
summer months as a measure of directional-hemi-
spherical reflectivity of the surface material to repre-
sent dominant surface material types. Surface albedo
is a primary determinant of the thermal properties of
a surface material (Dickinson 1995), and is deter-
mined by the material type of the surface layer (Oke
1987). Prior to use in habitat models, all of the layers
were re-sampled to the same 1 km2 grid.

Data analyses

We used MaxEnt (version 3.3.3e, Phillips et al. 2006)
to develop a suite of candidate habitat models with up
to 5 of the aforementioned environmental covariates.
Each model was derived using 100 bootstrapped re -
pli cates with a random sample of 80% of the occur-
rences used for model training. We excluded variables
if their Pearson’s correlation coefficient with other in-
puts was greater than 0.7. The resulting habitat mod-
els were first evaluated with an information theoretic
approach using a modified corrected Akaike’s infor-
mation criterion (AICc) score that was bias corrected
for small sample sizes (Burnham & Anderson 2002).
This metric was derived from the estimated log likeli-
hood at all of presence locations (Phillips & Dudik
2008, Elith et al. 2011), where the number of parame-
ters in the fitted model was defined by the sum of all
non-zero lambdas for a given model (Warren & Seifert
2011). Models with parsimony were also evaluated for
accuracy, goodness-of-fit and plausibility with several
additional methods, including AUC and the Boyce in-
dex (BI) (Boyce et al. 2002), testing gain (GAIN) (Elith
et al. 2011) as well as marginal and solitary response
curves (Phillips & Dudik 2008). The AUC statistic was
calculated from an internally withheld set of 20% of
the MGS presence locations for each bootstrapped
replicate, while the BI was estimated with all of the
MGS observations. Prior to estimating the BI, each
habitat model was rescaled to ensure that all models
ranged from [0 − 1] by subtracting the minimum value
and dividing by the difference of the minimum and
maximum values.
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Models containing any covariates with less than
10% contribution were removed from our suite of
candidate models, favoring robust covariates over
those with little contribution. We checked the predic-
tion surfaces for each of the models to ensure that the
predictions were not unrealistic, especially in areas
where few data were available, but where we had
some personal knowledge (P. Leitner) of habitat. We
selected the model that appeared closest to reality
among our suite of candidate models to represent
MGS habitat suitability. This model and its uncer-
tainty were derived as the mean and standard devia-
tion of the habitat suitability scores across all 100
bootstrapped replicates. To gain insight into the key
predictors defining habitat for MGS, we also assessed
which of the environmental covariates was the most
limiting with respect to habitat suitability throughout
our study area. The limiting variable was taken as
the environmental covariate that provided the great-
est increase in habitat suitability in a given pixel if
the value for that variable was adjusted to the mean
of the entire study area (Elith et al. 2010).

Anthropogenic impacts

We examined current impacts on habitat due to
human development using 3 impact scenarios (high,
medium and low) representing 3 possible levels of
degradation of MGS habitat by anthropogenic influ-
ences of urbanization, extensive road networks, and
cleared or altered vegetation. For each of these
anthropogenic influences, we derived separate scale
factors for the 3 impact scenarios with which we
reduced habitat suitability in affected areas. Few data
exist to suggest quantitative relationships between
anthropogenic influences and MGS habitat degrada-
tion, and therefore our impact scenarios represent a
range of uncertainty in the effects of habitat degrada-

tion rather than known and tested relationships. We
derived our scale factors for each of the impact sce-
narios from expert opinion based on field observa-
tions. Our high impact scenario uses scale factors
representing the most extreme, yet plausible, degra-
dation to MGS habitat, while our low impact scenario
represents an underestimate of degradation to MGS
habitat. The medium impact scenario was defined as
the middle point between the high and low impact
scenarios. Combined, these 3 scenarios present a
range of reasonable estimates of habitat suitability
from least to most conservative, and can provide a
bounded assessment of the status of habitat for land
management purposes in light of anthropogenic
influences.

Urban areas were derived from the 2006 National
Land Change Database (NLCD) Percent Developed
Imperviousness layer, downloaded from the Multi-
Resolution Land Characteristics Consortium (Fry et
al. 2011). Grid cells with more than 20% of their sur-
face area covered by at least 20% imperviousness
were categorized as urban. Our scale factors in urban
areas for the 3 impact scenarios were as follows: 1.0
for high, 0.75 for medium and 0.30 for low (Table 2).
In these areas, we subtracted the product of the habi-
tat suitability score and the scale factor from the
habitat suitability score for each cell. For example, in
the high impact scenario, a cell with a habitat suit-
ability score of 0.65 that was located in an area clas-
sified as urban was modified by subtracting the prod-
uct of the habitat suitability score (0.65) and the scale
factor for urban areas (1.0) from the habitat suitability
score (0.65), yielding a new habitat suitability score
of 0. In the high impact scenario, we assume that
urban areas present a complete loss of habitat, such
that none of the essential resources (especially food
and cover) are available. In contrast, our low impact
scenario represents the assumption that only a slight
degradation of habitat has occurred in urban areas.

6

Energy       Impact                                Scale factor                                                          Suitable        % Loss of
                   scenario              Anthropogenic influences Renewable energy influences      habitat (km2)     historic
                                          Urban      Roads       Agriculture/           Transmission   Wind     Solar                                    habitat
                                                                      cleared vegetation         corridors

None          Historic              –               –                     –                               –                 –            –                  19 023                –
None          Low                0.300       0.100              0.500                           –                 –            –                  17 139               9.9
                   Medium         0.750       0.250              0.750                           –                 –            –                  16 525              13.1
                   High               1.000       0.400              1.000                           –                 –            –                  15 927              16.3
USRED       Low                0.300       0.100              0.500                       0.100          0.100     0.750              17 058              10.3
                   Medium         0.750       0.250              0.750                       0.250          0.250     0.875              16 142              15.1
                   High               1.000       0.400              1.000                       0.500          0.500     1.000              14 369              24.5

Table 2. Scale factors and suitable habitat for impact scenarios. (–) scale factors were not used for a particular scenario; 
USRED: utility-scale renewable energy development
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We identified major roads from US Census Bureau
TIGER line files and assigned scale factors for each of
the impact scenarios: 0.4 for high, 0.25 for medium
and 0.10 for low. While there is evidence to suggest
direct mortality from vehicular traffic and the con-
struction of new roads (P. Leitner pers. comm.),
recent work has shown that many small mammals
exhibit neutral or slightly positive responses in abun-
dance to the presence of roads and vehicular traffic
(Fahrig & Rytwinski 2009). In the absence of data for
MGS, we used scale factors that reflected the poten-
tial for only minimal impact on MGS habitat.

As with urban areas, we assumed that places where
land-use activities have visibly altered or removed
vegetation, such as agricultural or military activities,
present significant degradation to MGS habitat. In ad-
dition to the direct loss of habitat, these activities may
introduce insecticides, herbicides and rodenticides to
habitat (Hoyt 1972). These areas were digitized from
recent remote sensing imagery where at least 90% of
each grid cell showed evidence of altered or cleared
vegetation. Here, scale factors of 0.1 (high), 0.75
(medium) and 0.5 (low) were applied. We reduced the
habitat suitability scores in these areas because of the
importance of shrubs to MGS habitat (Best 1995).

We assessed the effects of these 3 types of anthro-
pogenic impact on MGS habitat by categorizing
habitat suitability into a binary representation of suit-
able and unsuitable habitat for each of the 3 impact
scenarios using the 5th percentile of habitat suitabil-
ity scores (0.438 was used as the threshold) for all of
the cells with MGS occurrences (Liu et al. 2005). This
resulted in the total area of suitable MGS habitat for
each of the 3 scenarios, which we compared against
the amount of suitable habitat predicted in absence
of urban development, roads or cleared vegetation to
provide a historical perspective of how much habitat
might have existed prior to urbanization in the
region.

Renewable energy

We evaluated the extent and degree to which suit-
able MGS habitat will be affected by proposed utility-
scale renewable energy development (USRED) by
compiling a spatial representation of current and
proposed renewable energy development on Bureau
of Land Management (BLM) lands in California from
the Solar Energy Development Programmatic Envi-
ronmental Impact Statement (BLM 2012). We also
included areas designated as transmission corridors
under the California Desert Conservation Area Plan

of 1980 (BLM 1980), and the West-wide Designation
of Energy Corridors (BLM 2009). Additional renew-
able energy projects (such as wind and geothermal
sites) and their associated spatial footprints were
identified and provided by the Renewable Energy
Project Manager for the California Desert BLM
 District Office (G. Miller unpubl. data). As with our
urban impact scenarios, we developed 3 scenarios of
impact by USRED on MGS habitat. Again, few data
are available to quantify the relationship between
USRED and degradation of MGS habitat, and we
therefore used expert opinion to derive our scale fac-
tors. Recent work on the California ground squirrel
Otospermophilus beecheyi has suggested that wind
energy facilities can cause an increase in alert vocal-
izations and anti-predator vigilance behavior in indi-
viduals (Rabin et al. 2006), though estimates of the
effects on their habitat or a population are lacking.
Similarly, transmission corridors are thought to have
slight negative effects on many ground-dwelling
species through the introduction of predators and
exotic species (Stiles & Jones 1998, Gelbard & Belnap
2003), and alteration of vegetation communities (Loft
& Menke 1984, Clarke et al. 2006, King et al. 2009).
Due to the similarities in perceived degradation of
MGS habitat by wind energy developments and
transmission corridors, we derived scale factors for
both of 0.5, 0.3 and 0.1 for the high, medium and low
renewable energy impact scenarios, respectively. We
assumed that solar energy developments have a
greater impact on MGS habitat due to their extensive
alteration of vegetation and soil characteristics (BLM
2012), and therefore assigned scale factors of 1.0,
0.875 and 0.75 for each of the high, medium and low
renewable energy impact scenarios, respectively. We
acknowledge that few data are available to quantify
the impacts of USRED on MGS habitat, and therefore
these scale factors are educated approximations,
derived from observations of current USRED in loca-
tions outside the previously published range of the
MGS (Zeiner et al. 1988−1990).

We evaluated the extent and the degree to which
MGS habitat could be affected in the context of
USRED by calculating the total amount of suitable
habitat in each of the 3 USRED and 3 urban develop-
ment scenarios of impact. For each of these 6 scenar-
ios, we calculated the total area of suitable habitat in
our study area that resulted from applying the scale
factors. Separately, we compared the mean of habitat
suitability scores in USRED (without the USRED
impact scenarios) with the remainder of the study
area for each of the urban development scenarios of
impact to identify whether areas with proposed
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USRED have greater habitat suitability for MGS than
the rest of the study area. We also report the differ-
ence in area between solar and wind USRED in terms
of suitable habitat.

RESULTS

Habitat models

From the 86 models initially evaluated we selected
a model with 4 environmental covariates to best rep-
resent habitat, which had the lowest AICc score. This
model also had the highest AUC and GAIN, and was
among the higher performing models with respect to
BI, although none of these performance measures
indicated as strong a difference as the AICc criterion
(Table 3). The environmental covariates in the best
model included: surface texture, surface albedo,
mean winter climatic water deficit and precipitation,

with percent contributions of 46.6, 25.4, 16.3 and
11.6%, respectively. Each of these environmental
covariates de scribes a component of the broad habi-
tat characteristics that we hypothesized to be impor-
tant for MGS. These characteristics spanned climatic,
topographic and terrain features, and are related to
the behavioral and physiological ecology of the
MGS.

Marginal response curves for the environmental
covariates in the selected model had patterns that
were consistent with our hypotheses about their rela-
tionships to MGS habitat. Of the 4 environmental
covariates, surface texture had the highest percent
contribution at 46.6%. MGS habitat suitability peaked
in areas where the difference between day and night
surface radiant temperatures was between 25 and
30°C, which was consistent with surface textures
found in moderately coarse sandy soils. Habitat suit-
ability decreased sharply when radiant temperature
differences were below 20°C (Fig. 1), corresponding
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Model                                   Npar         Performance metric                                        % Contribution
                                                        ΔAICc     AUC       BI      GAIN        ST     ALB    TPX    SR     Tmax    CWD   PRCP   PD3

ST+CWD+ALB+PRCP            4           0         0.888    0.950    1.133       46.6    25.4                                         16.3      11.7        
ST+CWD+ALB                       3     77.755   0.864    0.949    1.000       51.1    29.0                                         19.9                    
CWD+ALB+PRCP                  3     94.367   0.863    0.968    0.977                  55.9                                         26.1      18.0        
ST+ALB+PRCP                       3     107.728   0.867    0.986    1.007       51.7    30.6                                                     17.8        
ST+CWD+PRCP                     3     114.677   0.867    0.878    0.987       65.8                                                    20.2      14.0        
ST+Tmax+CWD                     3     124.178   0.863    0.959    0.959       66.4                                      14.4       19.2                    
Tmax+CWD+ALB                  3     126.674   0.863    0.962    0.978                  59.6                           13.6       26.8                    
CWD+ALB                              2     138.860   0.858    0.976    0.949                  63.8                                         36.2                    
ST+CWD                                 2     158.554   0.858    0.878    0.939       72.2                                                    27.8                    
ST+Tmax+ALB                       3     181.443   0.854    0.946    0.923       56.8    31.4                           11.8                                  
Tmax+ALB+PRCP                  3     191.524   0.856    0.939    0.915                  61.8                           12.1                   26.1        
ST+CWD+PRCP+SR              4     195.071   0.856    0.995    0.898       54.9                          12.0                   21.8      11.2        
ST+CWD+TPX+ALB              4     202.918   0.854    0.986    0.906       43.4    21.9    10.4                             24.3                    
ALB+PRCP                              2     208.639   0.853    0.972    0.902                  66.6                                                     33.4        
ST+ALB                                   2     212.186   0.847    0.961    0.884       65.0    35.0                                                                    
ST+PRCP                                 2     213.360   0.847    0.925    0.875       74.0                                                                26.0        
CWD+ALB+PRCP+SR           4     218.721   0.850    0.967    0.885                  45.3              13.0                   29.6      12.2        
CWD+ALB+SR                       3     228.539   0.844    0.970    0.854                  43.7              19.4                   36.8                    
Tmax+ALB+PD3                    3     241.093   0.841    0.958    0.853                  67.0                           19.0                               14.0
CWD+TPX+ALB                     3     242.998   0.840    0.995    0.835                  41.6    21.3                             37.1                    
ST+CWD+SR                          3     247.529   0.847    0.964    0.845       56.7                          12.6                   30.7                    
ST+CWD+TPX                       3     252.644   0.845    0.961    0.843       55.1                16.0                             28.9                    
ST+Tmax                                2     258.912   0.833    0.928    0.804       77.6                                      22.4                                  
Tmax+CWD+PRCP+SR         4     259.315   0.848    0.970    0.842                                       40.3      13.9       35.3      10.5        
Tmax+CWD+PRCP                3     259.593   0.850    0.951    0.858                                                    27.2       41.2      31.7        
CWD+TPX+PRCP+SR           4     262.753   0.842    0.965    0.804                             33.7   14.9                   37.1      14.3        
CWD+TPX+PRCP                  3     274.594   0.840    0.946    0.807                             46.2                             39.8      14.1        

Table 3. Performance measures and variable contributions of candidate models. Performance measures included: number of
parameters (Npar), change in corrected Akaike’s information criterion (ΔAICc), area under the receiver operating characteristic
curve (AUC), Boyce Index (BI) and testing gain (GAIN). Variable abbreviations are defined as follows: mean winter climatic
water deficit (CWD), mean cumulative winter precipitation (PRCP), summer maximum temperature (Tmax), probability of 3 yr
drought (PD3), surface texture (ST), surface albedo (ALB), surface roughness (SR) and topographic position (TPX). Blank cells 

indicate models where that particular variable was not included

(Table continued on next page)
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Model                                   Npar         Performance metric                                        % Contribution
                                                        ΔAICc     AUC       BI      GAIN        ST     ALB    TPX    SR     Tmax    CWD   PRCP   PD3

Tmax+ALB                              2     281.308   0.837    0.936    0.823                  70.2                           29.8                                  
ALB+PD3                                2     291.562   0.830    0.986    0.777                  82.0                                                                18.0
Tmax+CWD+TPX+SR           4     294.414   0.835    0.978    0.792                             32.7   15.9      13.4       38.0                    
ALB+PRCP+SR                       3     294.605   0.838    0.990    0.799                  48.9              19.3                                31.8        
CWD+PRCP+SR                     3     296.035   0.839    0.966    0.806                                       44.7                   40.8      14.5        
ST+TPX+PRCP                       3     297.588   0.836    0.974    0.795       61.0                18.1                                          20.9        
CWD+TPX+SR                       3     297.593   0.837    0.993    0.803                             35.8   16.2                   48.0                    
Tmax+CWD+TPX                  3     307.932   0.839    0.963    0.804                             45.2                14.8       40.0                    
Tmax+CWD+SR                     3     309.179   0.832    0.950    0.757                                       43.2      18.3       38.5                    
Tmax+ALB+PRCP+SR           4     314.627   0.833    0.986    0.774                  51.1              18.0      10.8                   20.2        
TPX+ALB+PRCP                    3     322.969   0.832    0.998    0.777                  44.8    26.2                                          28.9        
CWD+TPX                              2     324.230   0.831    0.978    0.768                             49.8                             50.2                    
ST+PRCP+SR                         3     331.655   0.833    0.971    0.767       69.3                          10.5                                20.2        
Tmax+CWD                            2     331.813   0.834    0.981    0.774                                                    52.5       47.5                    
Tmax+ALB+PD3+SR             4     332.233   0.831    0.987    0.782                  49.0              20.1      11.2                               19.7
ST+Tmax+TPX+PD3              4     340.348   0.824    0.976    0.739       60.7                16.8                11.4                               11.1
ST+Tmax+PD3+SR                4     341.030   0.828    0.984    0.761       65.4                          12.2      11.8                               10.7
Tmax+TPX+PRCP+SR           4     351.642   0.836    0.975    0.766                             37.6   17.4      16.0                   29.1        
ST+Tmax+SR                         3     352.575   0.827    0.974    0.746       68.4                          10.7      20.9                                  
CWD+PRCP                            2     353.417   0.820    0.941    0.717                                                                  55.3      44.7        
TPX+ALB+PD3                       3     353.948   0.821    0.978    0.735                  50.9    25.5                                                     23.7
Tmax+ALB+SR                       3     357.057   0.822    0.993    0.723                  50.9              23.0      26.1                                  
CWD+SR                                 2     358.673   0.827    0.895    0.737                                       47.3                   52.7                    
Tmax+PRCP+SR                    3     373.778   0.824    0.988    0.715                                       47.6      19.5                   32.8        
ALB+PD3+SR                         3     374.048   0.815    0.971    0.708                  55.2              19.9                                           24.9
Tmax+TPX+PRCP                  3     376.817   0.827    0.951    0.730                             51.8                17.5                   30.7        
Tmax+TPX+PD3+SR             4     378.634   0.819    0.980    0.710                             41.1   18.1      19.4                               21.4
ST+Tmax+TPX                       3     378.772   0.819    0.984    0.696       65.7                16.0                18.3                                  
TPX+PRCP+SR                       3     382.344   0.819    0.988    0.701                             39.5   21.5                                39.0        
ST                                            1     388.301   0.806    0.846    0.692      100.0                                                                              
Tmax+TPX+ALB                    3     389.155   0.819    0.982    0.722                  46.6    28.0                25.5                                  
ST+PD3+SR                            3     395.182   0.808    0.960    0.678       71.1                          16.4                                           12.5
ST+TPX+PD3                          3     409.101   0.804    0.970    0.665       67.8                20.2                                                     11.9
PRCP+SR                                2     412.172   0.812    0.968    0.663                                       55.2                                44.8        
CWD+PD3                               2     414.148   0.813    0.903    0.690                                                                  89.1                 10.9
Tmax+PRCP                            2     418.926   0.808    0.936    0.649                                                    49.9                   50.1        
TPX+PRCP                              2     428.142   0.813    0.936    0.669                             55.6                                          44.4        
Tmax+PD3+SR                       3     428.453   0.816    0.940    0.673                                       49.7      23.4                               26.9
Tmax+TPX+SR                       3     441.567   0.806    0.958    0.644                             42.5   17.6      39.9                                  
TPX+PD3+SR                         3     442.947   0.799    0.953    0.629                             48.4   20.9                                           30.7
ALB                                          1     443.962   0.805    0.964    0.651                 100.0                                                                   
CWD                                        1     448.926   0.795    0.794    0.615                                                                 100.0                   
Tmax+TPX+PD3                     3     450.012   0.799    0.970    0.620                             54.2                20.5                               25.3
ST+TPX                                   2     456.197   0.795    0.986    0.618       79.8                20.2                                                        
ST+SR                                     2     461.007   0.787    0.956    0.590       82.1                          17.9                                               
Tmax+TPX                              2     462.108   0.799    0.978    0.613                             57.9                42.1                                  
Tmax+SR                                2     475.003   0.796    0.992    0.591                                       54.1      45.9                                  
TPX+ALB+SR                         3     493.642   0.794    0.970    0.596                  64.1    24.6   11.3                                               
TPX+PD3                                2     495.933   0.782    0.935    0.593                             66.8                                                     33.2
TPX+ALB                                2     496.902   0.790    0.991    0.584                  66.8    33.2                                                        
Tmax+PD3                              2     499.091   0.793    0.978    0.606                                                    72.1                               27.9
ALB+SR                                  2     525.527   0.787    0.959    0.557                  73.6              26.4                                               
Tmax                                       1     525.552   0.782    0.951    0.556                                                   100.0                                 
PD3+SR                                   2     541.217   0.787    0.938    0.569                                       66.2                                           33.8
PRCP                                       1     543.177   0.771    0.864    0.529                                                                             100.0       
TPX+SR                                  2     651.202   0.750    0.967    0.403                             68.3   31.7                                               
TPX                                         1     711.650   0.716    0.862    0.367                            100.0                                                       
SR                                            1     727.974   0.724    0.853    0.328                                      100.0                                             
PD3                                          1     889.101   0.622    0.764    0.151                                                                              100.0

Table 3. (continued)



Endang Species Res 20: 1–18, 2013

to areas with high proportions of large boulders and
surface bedrock, and also in areas where differences
were above 30°C, which are indicative of playas (pri-
marily clay components) and extremely fine sandy
surfaces. Surface texture was the limiting layer for
20 349 km2 of the study area equating to approxi-
mately 45% of the area that was classified as unsuit-
able habitat (Fig. 2). These areas included the major-
ity of the mountains, foothills and rocky terrain in our
study area, along with extensive areas of fine sand
and silty, dry lakebeds.

In contrast to surface texture, surface albedo pro-
vided a measure of the substrate material type, and
differentiated substrates based on the proportions of
incident solar energy that are absorbed by different
soil types. Surface albedo had the second highest
percent contribution at 25.4%, and showed a range
(0.25 to 0.40) of values contributing to high habitat
suitability (Fig. 1) from the entire study area, which
ranged from 0.02 to 0.52 (Fig. 2). We found that only
27% (12 250 km2) of unsuitable habitat was limited
by surface albedo (Fig. 2). We found that MGS
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Fig. 1. Marginal response curves for the Mohave ground squirrel Xerospermophilus mohavensis habitat model illustrating
how the model output varies over the entire range of each covariate while all other covariates are held at their mean values.
(A) Average cumulative winter precipitation, (B) surface texture, (C) average winter climatic water deficit, (D) summer surface 

albedo. Upper and lower 95% confidence intervals over the 100 replicates are shown in light grey
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tended to occur in areas with higher albedos, as long
as the substrates were not rocky or extremely sandy
in texture. For example, areas with high albedo rocks
in portions of the Red Rock Canyon State Park
(southwest of Ridgecrest, CA) may appear suitable in
terms of color and material, but due to their surface
texture (extensive surface rock), they remained
unsuitable. The same was true for many of the sand
dunes present throughout our study area, where sur-
face albedo suggested acceptable conditions, yet sur-
face texture was too fine for MGS.

The percent contribution for climatic water deficit
was 16.3%. Climatic water deficit influenced habitat
suitability over a relatively broad range of values
found in the study area, with increased suitability
occurring between 20 and 55 mm (60% of the study

area), and a marked de crease in habitat suitability
above 60 mm and below 20 mm of winter climatic
water deficit (Fig. 1). As a limiting layer, climatic
 winter deficit covered 20% of the unsuitable areas
(8760 km2; Fig. 2), where average deficit was gener-
ally higher than 60 mm.

Precipitation had the lowest contribution of the 4
environmental covariates at 11.6%. MGS habitat
exhibited a relatively narrow band of suitable values
for precipitation (90−200 mm) when compared with
the range of precipitation found in the study area (0
to nearly 1200 mm). This narrow range of suitable
precipitation values represented nearly 50% of the
study area (Fig. 1). As a limiting layer, precipitation
represented only 9% of the unsuitable habitat
(3930 km2; Fig. 2), and in those areas, precipitation
was higher than the average of suitable areas. Stan-
dard deviations of habitat suitability values across
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Fig. 2. Limiting covariates (surface texture, brown; albedo,
blue; climatic water deficit, green; precipitation, yellow) for
the study area in the selected habitat model for Mohave
ground squirrel (MGS; Xerospermophilus mohavensis). The
limiting covariate for a given grid cell was identified as the
covariate providing the greatest increase in habitat suitabil-
ity for that grid cell if the covariate value was adjusted to
its mean of the entire study area. Roads (white lines) and 

selected cities are shown for reference

Fig. 3. Model standard deviation map. Warmer colors repre-
sent areas with high standard deviations among the 100
bootstrap replicates. The model was based on 440 input lo-
calities. Modeling was conducted at a scale of 1 km (raster
cell size = 1000 m). The threshold between suitable and un-
suitable habitat is shown as a black contour. Roads (white 

lines) and selected cities are shown for reference
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the 100 replicates ranged from nearly 0 to 0.206, with
the highest standard deviations occurring in areas
with moderate habitat suitability scores near the
threshold used to distinguish suitable and unsuitable
habitat (Fig. 3). Areas with the highest standard devi-
ations occurred directly to the west of Barstow, CA
(Fig. 3), and tended to have very fine surface texture
and high surface albedo.

Impact scenarios

When we simulated a historical context of original
habitat conditions prior to European settlement, the
model predicted 19 023 km2 of suitable habitat. We
compared the amount of suitable habitat under these
conditions with our 3 urban development scenarios of

impact to evaluate potential habitat losses due to ur -
ban development. We found that potential habitat
was reduced to 15 927, 16 525 and 17 139 km2 for
the high, medium and low scenarios, respectively
(Table 2). These scenarios estimate that somewhere
between 1884 km2 (9.9%) and 3096 km2 (16.3%) of
predicted suitable habitat have already been lost to
the development of urban areas, roads and cleared
vegetation during recent human settlements in the
region.

The addition of proposed USRED indicates the
potential to further reduce suitable habitat to 14 369,
16 142 or 17 058 km2 for the high (Fig. 4A), medium
and low scenarios of USRED impact, respectively.
This represents an additional loss of 1558 (9.8%), 383
(2.3%) and 81 km2 (0.5%) of suitable habitat over our
3 urban development scenarios of impact. When
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Fig 4. (A) Suitable habitat (blue) for Mohave ground squirrel (MGS; Xerospermophilus mohavensis) under the high human de-
velopment impact scenario (including anthropogenic and renewable energy influences). Of the 3 human development impact
scenarios, the High scenario represents the greatest level of impact to MGS habitat due to impermeable surfaces, major roads,
and cleared vegetation. We subtracted the product of the corresponding habitat suitability score and a scale factor score (ur-
ban: 1.0; roads: from 0.4; vegetation: 1.0) from the habitat suitability score. Habitat suitability scores for areas of proposed util-
ity-scale renewable energy development projects were also reduced using scale factors of 0.5 for transmission corridors and
wind facilities, and 1.0 for solar facilities in the High scenario. (B) Historic habitat suitability without consideration of urban,
roads or cleared vegetation. Core areas (Leitner 2008) are outlined in solid black. The MGS range map is outlined in hashed 

black on both maps, while major roads are shown for reference in white
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added to losses due to current levels of development,
this represents an overall loss of 24.5, 15.1 and 10.3%
of suitable habitat from potential pre-European devel-
opment levels.

We found that the average habitat suitability score
was higher by 0.077, 0.081 and 0.093 in areas with
proposed USRED than the rest of the study area for
each of the 3 scenarios, respectively. This suggests
that areas proposed for USRED are located in areas
of high suitability habitat. When we compared the
amount of suitable habitat in the different types of
proposed USRED (wind versus solar), we found that
the difference was substantial, with only 2 km2 of
suitable habitat in proposed solar development in
each of the 3 urban development scenarios of impact,
and 503, 508 and 522 km2 of suitable habitat in areas
of proposed wind development for the 3 urban devel-
opment scenarios of impact.

DISCUSSION

Historical habitat change

Overlaying predicted habitat for the MGS with our
human development scenarios of impact indicates
that somewhere between 10 and 16% of historic suit-
able habitat has been lost to urbanization to date. We
considered the potential impacts of proposed renew-
able energy development using 3 scenarios of poten-
tial impact, which predicted additional losses of 1 to
10% of historic suitable habitat for MGS, or a poten-
tial loss of up to 24% of suitable habitat within recent
history. However, this is likely an underestimate of
the potentially impacted area, because our model of
habitat is estimated across all land ownership cate-
gories, yet we were only able to obtain data to esti-
mate the footprint of USRED on public lands. On
state and private lands, 260 km2 in the region have
proposals for USRED, and an additional 3500 km2

may potentially be available for USRED (Fish and
Wildlife Service 2011). Our model of habitat indicates
that there is potential for renewable energy develop-
ment to impact nearly as much habitat as has previ-
ously been disturbed by human expansion into this
region, equating to a loss of up to a quarter of suit-
able habitat from pre-European settlement levels
within the last century.

Encroachment of urban areas on MGS habitat
introduces several modes of habitat disturbance,
including off-highway vehicles, roadways, airports
and high-voltage transmission lines (Leitner 2008)
that affect habitat and populations of flora and fauna

in a variety of ways. Additional USRED in the region
will increase the need for more transmission lines
and associated roads, and combined with the energy
facilities themselves, loss of habitat and other im pacts
on species may occur from site preparation and con-
struction of buildings and access roads (Kuvlesky et
al. 2007). Other changes to habitat may be caused by
soil mixing or soil compaction, or the release of
chemicals such as dust suppressants, dielectric fluids
and herbicides throughout the operational life of the
facility (BLM 2012). Separately, the alteration of sur-
face water flow and increased erosion may cause
changes in habitat productivity and the distribution
of resources (Schwinning et al. 2011).

Transmission corridors tend to alter the vegetation
community and structure of adjacent land, and there-
fore affect habitat through these vegetation alter-
ations (Anderson et al. 1977, Johnson et al. 1979, Loft
& Menke 1984, Clarke et al. 2006, King et al. 2009).
These corridors may be permeable or even facilitate
movement in some species, but may represent barri-
ers to movement and dispersal for others (Schreiber
& Graves 1977, Carthew et al. 2009). The influence
on habitat and populations may also be larger than
the physical footprint of USRED because human
activities and the physical structures tend to provide
resource subsidies such as food, cover and water to
native and invasive predators (Lovich & Bainbridge
1999). Transmission corridors and roads may also act
as conduits for exotic and invasive species (Stiles &
Jones 1998, Gelbard & Belnap 2003). For example,
powerlines, roads and other linear right-of-ways pro-
vide nesting and perching sites for predatory birds,
including the common raven Corvus corax (Kristan &
Boarman 2003, Coates et al. 2008, Peery & Henry
2010). Ravens and coyotes Canis latrans, subsidized
by human activities, can have detrimental effects on
native wildlife in proximity to urban locations (Lovich
& Bainbridge 1999, Boarman 2003, Esque et al. 2010).
While increased predation on native wildlife has
caused population losses in other species, and is
likely to similarly impact MGS populations, research
is needed to quantify the landscape-wide effects of
urbanization on MGS populations.

Utility-scale renewable energy development

The long-term effects of renewable energy devel-
opment on MGS populations are also not well under-
stood. Potential effects are complicated by differ-
ences between wind, solar, geothermal and other
sources of USRED. The diffuse distribution of wind
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turbines with relatively undisturbed habitat among
turbine bases has been suggested as not harmful and
may even provide cover for desert tortoises (Lovich et
al. 2011). However, the impacts of wind energy
development on other desert wildlife, including the
MGS, are not well understood (Lovich & Ennen
2011). In other studies, wind energy facilities have
been shown to elicit increased alert vocalizations and
anti-predator vigilance behavior in the California
ground squirrel due to the addition of wind turbine
prop noise to their environment (Rabin et al. 2006). A
review of acoustical interference in wildlife has
shown negative population effects across a wide
range of taxa, including mammals, birds, amphib-
ians, reptiles and even some invertebrates (see Chan
& Blumstein 2011 for a review), with the majority of
effects manifesting as interference to communication
between individuals, increased energy expenditures
on predator avoidance, and population decline. The
effects of wind and solar energy development on
MGS behavior and population dynamics are not well
understood and are important areas for research.

Application of habitat modeling

To illustrate the utility of our habitat model for
regional planning purposes, we compared it with a
previously published range map (Zeiner et al. 1988−
1990) and core habitat areas (Leitner 2008). The pre-
viously published range for MGS represents a hypo -
thesis for the historical range and extent of MGS in
the western Mojave Desert, and has served as a
guide for implementing conservation strategies in
this region (BLM 2005) and the foundation for the
2011 Fish and Wildlife Service decision to deny MGS
listing under the Endangered Species Act. Our
model of MGS habitat illustrates that many areas
within the extent of the previously published MGS
range map are not suitable as habitat for MGS
(Fig. 4A), and that much of the northern and eastern
portions of the previously published range map con-
tain unsuitable habitat. When applied to conserva-
tion, these differences in geographic area represent
substantial differences between estimates of the
amount of habitat that will be affected by USRED. In
their 2011 decision, the Fish and Wildlife Service
suggest that up to 6% of the MGS range may be
affected by USRED on public and private lands,
while in contrast, our high impact scenario suggests
that up to 10% of current habitat will be negatively
affected by USRED on public federal land alone.
With an additional 3500 km2 of state and private land

in our study area, the amount of MGS habitat af -
fected by USRED may be substantially higher.

We also show areas with suitable habitat outside
the MGS range map (Fig. 4B), though these areas
have never been surveyed for MGS, and may repre-
sent uninhabited areas that have not been colonized.
Such areas include suitable habitat farther north in
the Owen’s Valley than was previously thought, as
well as farther south and east of Apple Valley than
was previously published. Unlike the previously pub-
lished range map, the published core areas represent
areas where populations of MGS have been detected
for multiple years in large (>30) numbers at multiple
trapping sites (>6; Leitner 2008). These areas are
thought to represent population centers, and have
been suggested as key areas for MGS conservation
(Leitner 2008). In general, these core areas over-
lapped some of the highest habitat suitability, al -
though the northernmost core area encompassed
lower habitat suitability than the others (Fig. 4B).
This core area was designated due to the high num-
bers of MGS trapped at its most northern and south-
ern end, though few MGS have been observed in its
central region.

One proposed USRED in particular was noted in an
area of high suitability habitat located northwest of
Red Rock Canyon State Park, and approximately
30 km south and west of Ridgecrest, CA. In addition
to high suitability habitat, this area has some of the
highest densities of trapping records, may serve as
an important corridor for dispersal among popula-
tions (P. J. Weisberg et al. unpubl. data), and is a
region of high genetic variation that harbors one of 3
distinct genetic groups within the species (Bell &
Matocq 2011). Siting future USRED away from areas
with high suitability habitat may promote MGS pop-
ulation persistence.

Model bias

Identifying areas where habitat models provide
less certainty about their predictions of habitat suit-
ability is crucial for land-use planning purposes be -
cause of the consequences to conservation if unsuit-
able rather than suitable habitat is conserved. For
example, if the reliance on erroneous habitat suit-
ability models leads to the siting of land-use activities
that are incompatible with conservation on remain-
ing MGS habitat, regional planning efforts will be
unable to meet conservation goals. It is crucial, there-
fore, to acknowledge and understand model error and
model bias when interpreting and incorporating
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model predictions into planning efforts. Others have
also suggested that error maps be included with all
habitat models, regardless of the methods used to
create them (Rocchini et al. 2011). Doing so will pro-
mote awareness that no model is absent of error or
bias.

We provide estimates of model uncertainty through-
out our study area to identify areas where our model
yielded greater uncertainty about predictions of habi-
tat suitability (Fig. 3). These areas were identified for
their high variation in model prediction among the
100 training iterations (each with a random selection
of 80% of observations). While we found the greatest
uncertainty in a valley directly to the west of Barstow,
CA (Fig. 3), we also found high uncertainty in areas
with very fine surface texture and high surface
albedo. These areas tended to have moderate habitat
suitability scores near our threshold for delineating
suitable and unsuitable habitat. This suggests that
our model predicts high suitability scores and low
suitability scores with greater precision than it does
moderate suitability scores, and that the transition
between unsuitable and suitable habitat is less cer-
tain than either of the extremes.

Among the factors contributing to this error were
the multiple sources of observation data, each with
its own pattern of geographic bias due to non-ran-
dom sampling. This bias has been shown to influence
the perceived relationship between a species and its
environment (Hortal et al. 2008, Soberón & Naka-
mura 2009), thereby compromising the ability to
quantify the ecological niche for a species. However,
we were less concerned with the ability to quantify
the ecological niche of MGS than we were with
developing a predictive, yet biologically plausible,
model for the current geographic distribution of MGS
habitat. Another source of error was the temporal
span of our input observations, which dated back to
1975 to increase sample size. However, because of
the rapid population growth in the past several de -
cades, locations for some of the observations are now
in areas with urban development or agriculture. We
reduced potential bias from these land-use changes
by limiting our environmental covariates to those that
have remained relatively unchanged by land use
over the past 30 yr.

We identified 2 easily discernible types of areas
where additional sampling could improve future
habitat models and benefit conservation planning for
MGS. The first included areas with moderate to high
suitability scores with no evidence of MGS presence,
and the second included areas with high model error,
as shown in Fig. 3. Areas that met the first condition

likely occurred because of one of 3 reasons: (1) our
model predicted high suitability habitat and sam-
pling did not occur, (2) our model predicted high suit-
ability habitat and sampling did occur, but no MGS
were detected even though they were present, and
(3) our model predicted high suitability habitat and
sampling did occur, but MGS were not detected and
were not present. The first provided the single largest
amount of sample selection bias, due to a lack of ran-
dom (or stratified random) sampling over large areas
of potential habitat, which confounds the distribution
of sampling effort with the true species distribution
(Hortal et al. 2008, Soberón & Nakamura, 2009). We
were unable to distinguish these areas from those
where sampling occurred, but no MGS were detected
(reasons 2 and 3) because absence data were not
available. Absence data require the use of repeated
presence− absence surveys to estimate the probabil-
ity of detection (MacKenzie et al. 2002), which is
needed to estimate the confidence or reliability of
absence data (Mac Kenzie et al. 2006, Kéry et al. 2010).
Camera trapping surveys for MGS were designed to
obtain presence− absence data and have recently
been  im plemented, though few data are available for
modeling. Areas meeting the second condition for
additional sampling included areas with high model
error, which are shown in Fig. 3.

We recommend continued and increased sampling
efforts in areas that meet these 2 conditions, espe-
cially in areas where sampling has not yet occurred
and which are predicted to have moderate to high
suitability habitat. In particular, the China Lake
Naval Air Weapons Center encompasses areas of
high suitability habitat (>0.7), yet has had little sam-
pling. This military installation also includes some of
the most northerly predictions of suitable habitat,
and will be important for interpreting conservation
issues such as conservation genetics, habitat connec-
tivity and MGS responses to climate change.

Tools for conservation

Habitat suitability modeling has provided a new
status-of-knowledge for the MGS that managers can
use to make informed decisions about resource man-
agement in or near MGS habitats. Using this model it
is possible to provide quantitative estimations of his-
torical habitat availability, current suitable habitat
availability, species use and connectivity across land-
scapes, and to predict trends in the availability of
habitat based on resource management plans. Sound
resource management decisions depend on reliable
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information on habitat, populations and threats. As
our most complete current understanding of suitable
habitat for this species, this model provides a valu-
able planning resource, but equally important, the
model helps identify critical areas in need of research
to strengthen future modeling efforts for this species.
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